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Nodal-chain fermions, as novel topological states of matter, have been hotly discussed in non-
magnetic materials. Here, by using first-principles calculations and symmetry analysis, we propose
the realization of fully spin-polarized nodal chain in the half-metal state of LiV2O4 compound. The
material naturally shows a ferromagnetic ground state, and takes on a half-metal band structure
with only the bands from the spin-up channel present near the Fermi level. The spin-up bands cross
with each other, which form two types of nodal loops. These nodal loops arise from band inversion
and are under the protection of the glide mirror symmetries. Remarkably, we find the nodal loops
conjunct with each other and form chain-like nodal structure. Correspondingly, the ω-shaped sur-
face states are also fully spin-polarized. The fully spin-polarized nodal chain identified here has not
been proposed in realistic materials before. An effective model is constructed to describe the nature
of nodal chain. The effects of the electron correlation, the lattice strains, and the spin-orbit coupling
are discussed. The fully spin-polarized bulk nodal-chain and the associated nontrivial surface states
for a half-metal may open novel applications in spintronics.
I. INTRODUCTION
Topological semimetals have attracted tremendous at-
tention recently, because they not only show potential
applications in various fields but also provide a feasi-
ble bride to investigate the novel characteristics of high-
energy particles [1–9]. In topological semimetals, the
crossings between the valence and conduction bands can
show different dimensionalities; thereby form different
types of topological semimetals with hosting nodal points
(such as Dirac/Weyl points) [10–15], nodal lines [16–19],
and nodal surfaces [20–23]. Nodal lines have many nodal
structures. For example, one single nodal line can ei-
ther traverse the whole Brillouin zone or form a closed
loop without penetrating the BZ, as distinguished by the
Z3 index [24]. For another example, nodal line can be
classified as type-I, type-II, critical-type and hybrid line
according to the slope of crossing bands [24–27]. In ad-
dition, when multiple nodal lines coexist in the Brillouin
zone, they can form different configurations such as cross-
ing loops, nodal net, nodal box, Hopf link, and nodal
chain [28–37]. Recently, nodal-chain semimetal has been
hotly discussed [33, 34, 38–44]. They contain a chain of
connected loops in the momentum space and the connect-
ing points are under the protection of special symmetries.
Comparing with the nonmagnetic counterparts, mag-
netic topological semimetals have currently attracted in-
creasing attention because they are special in several as-
pects. From the fundamental physic point of view, the
time-reversal symmetry (TRS) is broken in magnetic sys-
tem. For example, TRS-breaking Weyl semimetals are
distinct and in some degree simper than the inversion-
symmetry-breaking ones such as the nonzero anomalous
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Hall conductivity, as well as the potential of contain-
ing the minimum one pair of Weyl points in the Bril-
louin zone [45–52]. In addition, in magnetic system, the
magnetic symmetry highly relies on the magnetization
direction. As the result, novel topological phase tran-
sition may happen by shifting the magnetic symmetry,
controlled by external magnetic field [53–56]. Magnetic
topological semimetals are also desirable from the appli-
cation point of view, because they are promising to be
applied in spintronic devices. A series of magnetic topo-
logical semimetals with variable fermionic states have
been proposed [57–60]. In particular, it will be the
most desirable if the topological fermions have a 100%
spin-polarization, namely topological half metals. Com-
pounds HgCr2Se4 [61], and Co3Se2S2 [45] are examples
for Dirac/Weyl half metals; Li3(FeO3)2 compound [62],
tetragonal β-V2PO5 [53], and MnN monolayer [63] are
examples for nodal loop half metals; CsCrX3 (X = Cl,
Br, I) compounds are examples for nodal surface half
metals [23]. Unfortunately, we have not retrieved reports
on nodal chain half metals. Previously, nodal chains are
mostly proposed in nonmagnetic materials [33, 38–44].
Heusler compound Co2MnGa is almost the only example
for magnetic nodal chain semimetal with hosting multiple
types of nodal chains [34]. Unfortunately, this material
is not a half metal, and the transports for nodal chains
are not fully spin-polarized. Thus, it is highly desirable
to explore nodal chain half metal with hosting fully spin-
polarized nodal-chain fermion.
In current work, we report a spinel compound LiV2O4
is one such nodal chain half metal. It naturally shows
a FM ordering with an integer magnetic moment of 6.0
µB . The material is a half metal, which shows an in-
sulating band structure in the spin-down channel but
a metallic one in the spin-up channel. Especially, the
conduct and valance bands in the spin-up channel cross
with each other, which generates the fully spin-polarized
nodal chain. The nodal chain is made up from two types
ar
X
iv
:2
00
7.
12
84
2v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 25
 Ju
l 2
02
0
2of nodal loops, which are protected by the glide mirror
symmetries. The nodal chain is characterized with the
ω-shaped surface states. We built an effective model,
and the model can well describe the mechanism of nodal
chain. We further find the nodal chain half metal is very
robust against the electron correlation effects and the lat-
tice strain. The spin-orbit coupling (SOC) effect on the
nodal chain is also discussed. The work suggests LiV2O4
compound is a good material platform to investigate the
fundamental physics of nodal-chain fermion in ferromag-
nets.
II. METHODS
In this work, we perform the first-principles calcula-
tions by using the Vienna ab initio Simulation Pack-
age (VASP) [64], based on density functional theory
(DFT) [65]. The valence electron configurations of Li
(2s1), V (3d34s2) and O(2s22p4) are applied and the
projector augmented wave method is adopted for the
interaction between the valence electrons and the ionic
core potentials [66]. During calculations, the cutoff en-
ergy is set as 600 eV. The Brillouin zone is sampled by
a Monkhorst-Pack k -mesh with size of 15×15×15. To
optimize the lattice of LiV2O4, the force and energy con-
vergence criteria are applied as 0.01 eV/A˚and 10−6 eV,
respectively. To account for the correlation effects for V
element, the GGA + U method is applied to describe
the Coulomb interaction [67]. The effective U for V is
set as 4 eV to investigate the topological band structure,
and the conclusions will not change with U values shift-
ing from 0 eV to 10 eV. The irreducible representations
of the electronic states are obtained by using the irvsp
code [68]. The surface states are calculated by using the
WANNIERTOOLS package [69].
III. CRYSTAL AND MAGNETIC
STRUCTURES
The LiV2O4 compound is an existing material and has
been synthesized as early as 1960 [70]. It crystallizes
in a normal spinel structure with the non-symmorphic
space group Fd3m (No. 227). Figure 1(a) shows the
crystal structure of LiV2O4 compound. In the crystal
structure, the bonding between V and O atoms forms V-
O6 octahedral local structure; and the bonding between
Li and O atoms forms Li-O4 tetrahedral local structure.
The cubic unit cell totally contains 56 atoms with 32
O atoms occupying the 32e (u, u, u), 16 V atoms at the
16d (0.5, 0.5, 0.5) and 8 Li atoms at the 8a (0.125, 0.125,
0.125) Wyckoff positions, respectively. One unit cell con-
tains four primitive cells, and the primitive cell form of
LiV2O4 is shown in Fig. 1(b). After lattice optimization,
the ground lattice constants are found to be a=b=c=
8.465482 A˚, in good agreements with former computa-
tional and experimental ones [70–72]. In the following
FIG. 1. (a) The conventional and (b) the primitive unit cell of
crystal structure for LiV2O4. (c) The corresponding Brillouin
zone with the considered high-symmetry paths.
TABLE I. Total energy Etot per unit cell (in eV, relative to
that of the FM001 ground state), as well as magnetic moment
M (in units of µB) per V atom. The values are calculated by
the GGA+SOC method with U = 4.0 eV.
FM001 FM110 FM111 AFM001 AFM110 AFM111 NM
Energy/eV 0 0.243 0.187 0.199 0.296 0.285 5.441
Mx/µB 0.001 1.103 0.922 0.044 1.086 0.889 0
My/µB 0.001 1.122 0.912 0.034 1.089 0.888 0
Mz/µB 1.570 0.019 0.882 1.537 0.015 0.882 0
band structure calculations, we apply the optimized lat-
tice structure. To be noted, the conclusions of this work
will not change when the experimental structure is ap-
plied.
Because of the unoccupied d shells in transition-metal
V element, it may carry magnetism moment in LiV2O4
compound. Here we determine the ground magnetic con-
figuration by comparing the total energies among differ-
ent magnetic states, which include ferromagnetic (FM),
nonmagnetic (NM), and antiferromagnetic (AFM) states.
In each magnetic states, we have considered three most
potential magnetization directions in the cubic system
including the [001], [110] and [111] directions. The ob-
tained energies for all the magnetic configurations are
summarized in Table I. It can be clearly found that,
FM[001] has the lowest energy. Therefore, from our cal-
culations, the ground magnetic configuration of LiV2O4
compound is FM, and the magnetic moment ordering is
along in the [001] direction.
3FIG. 2. The electronic band structures and projected density
of states (PDOS) of LiV2O4 compound in the absence of SOC.
(a) is for the spin-up ones, showing a metallic character with
two bands crossing the Fermi level. (b) is for the spin-down
channel, showing an insulating character with a big band gap
of 3.27 eV.
IV. WEYL NODAL CHAIN WITHOUT SOC
The electronic band structures of LiV2O4 compound in
the absence of SOC are shown in Fig. 2 (a) and (b). The
spin-resolved band structures show two features. First,
the bands in the spin-up channel exhibit a metallic char-
acter with two bands crossing the Fermi level, whereas
those in spin-down channel exhibit an insulating charac-
ter with a big band gap of 3.27 eV. These results indicate
LiV2O4 compound is a half metal, where the conduction
electrons are fully spin-polarized. Second, in the spin-up
channel, the two bands near the Fermi level cross with
each other, and form several band crossings in the K-W,
W-Γ, Γ-X and X-L paths. We will show later that these
band crossings form nodal chains in the BZ. In Fig. 2
(a) and (b), we also show the total and projected den-
sity of states (TDOSs and PDOSs) of LiV2O4 compound.
The TDOSs and PDOSs clearly show that, the electron
states near the Fermi level are mostly contributed by the
d orbitals of V element.
Here we come to the band crossings in the spin-up
channel. As displayed in Fig. 2(a), there are totally four
band crossing points near the Fermi level, which happen
in the K-W, W-Γ, Γ-X and X-L paths, respectively. After
a careful scan of band structures, we find the crossings in
the K-W, W-Γ and Γ-X paths belong to a nodal loop in
the kz = 0 plane. In Fig. 3(a), we show the enlarge view
of orbital-component band structures in the W-Γ and Γ-
X paths. We can observe that, the bands with V-dz2
FIG. 3. (a) and (c) Orbital-projected band structure of
LiV2O4, including V−dz2 orbital (blue), V-dx2−y2 orbital
(red). (b) and (d) showing the nodal loops in the kz = 0
plane and the Γ-X-L plane, which are labeled as NL1 and
NL2, respectively. (e) and (f) are schematic illustration of
the NL1 and NL2 in the Brillouin zone, respectively. (g) The
schematic illustrations of the nodal chain in LiV2O4. The
green and blue lines in (e)-(f) denote NL1 and NL2, respec-
tively.
and V-dx2−y2 orbital-component are inverted, which in-
dicates the potential nontrivial band topology in LiV2O4
compound. These crossing points are not isolate but lo-
cate on a nodal loop in the kz = 0 plane. The profile of
the nodal loop is shown in Fig. 3(b). This nodal loop is
in fact under the protection of the glide mirror symmetry
Gz: (x, y, z) → (x+1/4, y+3/4, -z+1/2). This requires
the crossing bands possess opposite eigenvalues, which
has been confirmed by our DFT calculations. Our calcu-
lations show the two crossing bands have the eigenvalue
of +1 and -1, respectively. In the following, we denote
this nodal loop as NL1. Noticing the cubic symmetry of
LiV2O4 compound, there also exist a nodal loop in both
the kx = 0 and ky = 0 planes. These nodal loops cross
with each other and form inner nodal chain structures,
as shown in Fig. 3(e).
The band crossings in the Γ-X and X-L paths are also
not isolate but belong to another nodal loop in the Γ-X-L
plane. Figure 3(c) show the enlarged orbital-component
band structures in the Γ-X and X-L paths. The profile
of nodal loop in the Γ-X-L plane is shown in Fig. 3(d).
Being similar with the nodal loop in the kz = 0 plane,
4FIG. 4. (a) The bulk Brillouin zone and the projection onto
the (001) surface. (b) Surface states on the (001) surface
at the Fermi level. The sharp features are surface states,
whereas the white region are projections of bulk bands. (c)
Schematic illustration of the projection of nodal chain on the
(001) surface. (d) (001) surface states with the profiles of
projected nodal chain showing in the figure. (e)and (f) are
surface band structures along the white and black cuts indi-
cated in (b), where surface states connecting adjacent band
crossings are observed.
this nodal loop is also protected by a glide mirror sym-
metry. The symmetry can be denoted as G110: (x, y, z)
→ (-y+1/4, -x+3/4, z+1/2). We find the crossing bands
have opposite mirror eigenvalues of ± 1. In the follow-
ing, we denote this nodal loop as NL2. According to the
symmetry, there are totally three pairs of such nodal loop
in the Brillouin zone, as shown in Fig. 3(f). Very inter-
estingly, we find NL1 and NL2 are not isolate but share
the same nodal point in the Γ-X path, thereby form the
nodal chain structure. The profile of the nodal chain is
shown in Fig. 3(g).
Previously, nodal chain is mostly proposed in nonmag-
netic materials including iridium tetrafluoride (IrF4) [33],
WC-type HfC [39], some hexagonal materials [41, 73–75],
ternary Li2XY (X = Ca, Ba; Y = Si, Ge) compounds [42],
metallic-mesh photonic crystal [43], and carbon net-
works [40]. In these examples, the spin-polarization for
the nodal-chain electrons is zero. Chang et al. reported
the first example of magnetic nodal chain in Heusler
Co2MnGa [34]. However, the electron states from both
spin-up and spin-down channels involve together near the
Fermi level, thus the conducting electrons near the nodal
chain is only partially spin-polarized in Co2MnGa. For
this consideration, the nodal chain state in LiV2O4 com-
pound is different with all the nodal chain materials pro-
posed previously, because LiV2O4 is a half metal and
the conducting electrons for the nodal chain is fully spin-
polarized. Such nodal chain half metal is very potential in
spintronics applications for high-speed information stor-
age and processing.
Here we investigate the surface band structure of
LiV2O4 compound. The equi-energy slice at the Fermi
level in the (001) surface is shown in Fig. 4(b). We can
observe several regions of drumhead surfaces states. To
clarify the origin of these states, we show the profiles of
nodal chain projected in the (001) surface. As shown
in Fig. 4(c), loops NL1 and NL2 from the chain are
shown in different colors. In Fig. 4(c), we map the pro-
files of projected nodal chain in the equi-energy slice. We
find all the drumhead surfaces states originate from the
nodal chain. Furthermore, we travel across the surface
Brillouin zone along two typical paths [cut1 and cut2 in
Fig. 4(b)], along which we expect to cross the nodal loops
several times. Corresponding surface band structures are
shown in Fig. 4(e) and (f). We indeed observe all surface
states connect the adjacent band crossings, forming the
ω-shaped surface states. Such surface states are typical
feature for nodal-chain fermion [34].
V. EFFECTIVE MODEL
At the Γ point, the symmetry is characterized by C4v
point group. The generators can be chosen as {C4z, My,
C2z}. One should note that in FM case, the spin-up
and spin-down is decoupled in the absence of SOC. Each
channel resembles an a spinless system. Therefore, the
model has a time reversal symmetry for one channel with
T = K , K is the complex conjugate. A minimal model
for this two-band crossing around Γ point can be gener-
ally written as
HΓ(k) = ε0(k) +
∑
i=x,y,z
di(k)Σi, (1)
where ε0(k) is the overall energy shift, which can be ne-
glected in our case. σ’s is the Pauli matrix, di(k) is the
functions of vector k . The time reversal symmetry re-
quires that
T H(k)T −1 = H(−k), (2)
such that dy is an odd function of k and dx,z is the even
function of k . Generally, one has di in the form of
dx,z = a0 + a
x,z
1 k
2
x + a
x,z
2 k
2
y + a
x,z
3 k
2
z+
cx,z1 kxky + c
x,z
2 kykz + c
x,z
3 kxkz,
(3)
5dy = b1kx + b2ky + b3kz. (4)
For the mirror symmetry My : (x,y,z) → (x,−y,z), one
has
MyH(kx, ky, kz)M−1y = H(kx,−ky, kz). (5)
Furthermore, from the DFT calculations, it is shown that
the low energy states at the Γ point belong to the fol-
lowing irreducible representations: {Bi, B2}. The basis
functions can be chosen as: {x2 - y2, xy}. Such that,
My = σz. This requires that dz(k) is an even function
of ky; terms linear to kykx, kykz vanish. Then dz(k) =
a0 + a
z
1k
2
x + a
z
2k
2
y + a
z
3k
2
z + c
z
3kxkz. And dx,y(k) are only
the odd function of ky. Therefore, dx(k) = c
x
1kxky +
cx2kxky under the constrains from both T and My, and
dy = b2ky.
In basis {Bi, B2}, C2z : (x, y, z) → (−x,−y, z) is an
identical matrix. It requires the Hamiltonian is an even
function of kx and ky, and Hamiltonian can be also pro-
portional to kxky. dy therefore vanishes in the presence
of it. Additionally, term linear to kxkz vanishes as well
due to a negative sign arising from the C2z operation.
Now, one has
dx = c
x
1kxky, dy = 0, dz = a0 + a
z
1k
2
x + a
z
2k
2
y + a
z
3k
2
z . (6)
In this basis, C4z : (x, y, z) → (−y, x, z), it can be
written as C4z = -σ0. It requires coefficients of term
which is odd function of kx and ky have opposite signs
but the same absolute value. It also requires coefficients
of term proportional to even order of kx and ky are same.
Furthermore, the term dx = c
x
1kxky disappears due to a
negative sign after operation. Therefore, the effective
Hamiltonian at Γ point can be written as
H(k) = [a0 + a1(k
2
x + k
2
y) + a3k
2
z ]σz (7)
It shows a nodal loop on plane kz = 0.
Same discussion can be applied to the nodal loop on
plane ky = 0 encircling the X point. The little group at
the X point is C2v. It has a two-fold rotation operation
C2z and mirror operation My, and their combined oper-
ation Mx : (x, y, z) → (−x, y, z). The general form of
Hamiltonian can be written as
HM (k) = εM (k) +
∑
i=x,y,z
fi(k)Σi. (8)
Same argument is applied in the presence of T = K.
Hence, function fi(k) can be given by,
fx,z = α0 + α
x,z
1 k
2
x + α
x,z
2 k
2
y + α
x,z
3 k
2
z+
γx,z1 kxky + γ
x,z
2 kykz + γ
x,z
3 kxkz,
(9)
fy = β1kx + β2ky + β3kz. (10)
The irreducible representations for this little group is A2
and B2, then the basis can be taken in the form of {xy,
yz}. Such that C2z =σz, which requires f3(k) is even
function of kx and ky, which can also be the function of
γz1kxky. It asserts fx,y is odd function of kx, ky, such
that
fx = γ
x
1 kxkz + γ
x
2 kykz, (11)
fy = β1kx + γ2ky. (12)
In this basis, My = - σi, it requires fi(k) is even func-
tion of ky, such that considering all of generators.one has
fx(k) = γ
x
1 kxkz, fy(k) = β1kx, (13)
fz(k) = α0 + α
z
1k
2
x + α
z
2k
2
y + α
z
3k
2
z . (14)
Finally, the Hamiltonian is
H = (α0 +αz1k2x+αz2k2y+αz3k2z)+γkxkzσx+βkxσy. (15)
It shows a nodal loop on plane kx = 0, the loop is de-
scribed as
fz(0, ky, kz) = α0 + α2k
2
y + α3k
2
z . (16)
Till now, we have proved that there are two types of nodal
loops in LiV2O4, which are shown in Fig. 3(e) and (f).
The nodal loops touch with each other at one point along
the Γ-M direction and form the nodal chain structure in
the Brillouin zone, as shown in Fig. 3(g).
VI. ROBUSTNESS OF NODAL CHAIN AND
SOC EFFECT
To ensure the fully spin-polarized nodal chain, two con-
ditions need to be considered: first, it requires a band
gap in the spin-up channel, which enables the half metal-
lic character; second, the band crossings in the spin-down
channel are necessary, which ensure the presence of nodal
chain.
To show the robustness of the spin-polarized nodal
chain in LiV2O4 compound, we have examined the elec-
tronic band structure against the electron correlation ef-
fects and lattice strains. In Fig. 5(a), we show the posi-
tions at the bottom of conduction band and at the top of
valence band versus the U values of V element. We can
find that, the band gap between the conduction band
and valence band in the spin-down channel always ex-
ists with the U values shifting from 0 to 6 eV. For the
spin-up channel, the conduction and valence bands cross
with each other. We find such band crossings always re-
tain during the shift of U values. In Fig. 5(b), we show
the band structure of LiV2O4 compound in the spin-up
channel with U at 6 eV. The band crossings produce the
fully spin-polarized nodal chain. Moreover, we have also
investigated the electronic band structure under hydro-
static strains. As shown in Fig. 5(c), we find the band
6FIG. 5. (a) In the spin-down channel, the curves of the va-
lence band maximum (VBM) and the conduction band min-
imum (CBM) under different U values. The area formed by
the curve showing the band gap in the spin-down channel. (b)
The band structure of LiV2O4 compound in the spin-up chan-
nel with U at 6 eV. (c) The curves of VBM and CBM under
different strains in the spin-down channel. (d) The spin-up
band structure under a 5% tensile strain.
gap in the spin-down channel can retain under ± 5% hy-
drostatic strains (where “+” represents tensile strain and
“-” represents compressive strain). Meanwhile, the band
crossings in the spin-up channel can also retain in the pe-
riod. Figure 5(d) shows the band structure in the spin-up
channel under a 5% tensile strain, where band crossings
for nodal chain are observed. These results suggest the
fully spin-polarized nodal chain in LiV2O4 compound is
very robust, which can be meaningful for its future de-
tections in experiments.
Finally, we discuss the SOC effect on the electronic
band structure. The resulting band structure under SOC
is shown in Fig. 6(a). We can find that, the bands from
both spin channels conjunct together under SOC, but the
band details do not change much near the Fermi level.
As has been discussed above, NL1 and NL2 of the nodal
chain are protected by specific glide mirror symmetries.
In LiV2O4 compound, the ground magnetic moment or-
dering is along in the [001] direction. All the glide mirror
symmetries except Gz will be broken under such a mag-
netization direction. As the results, most of the loops
for nodal chain will be gapped under SOC. However, one
of NL1 in the kz = 0 plane would retain because the
crossing bands still have opposite Gz eigenvalues (± i),
as protected by the glide mirror symmetry Gz. These ar-
guments have been verified by our DFT calculations. As
shown by the enlarged band structures in Fig. 6(b), we
can find that the band crossings in the K-W, W-Γ and
Γ-X paths are not gapped under SOC but that in the
X-L path is gapped with gap size of ∼ 14 meV. These re-
sults have shown that, LiV2O4 compound shows a single
FIG. 6. (a) Electronic band structure of LiV2O4 under SOC
with magnetization along the [001] direction. (b) The en-
larged band structure in the K-W, W-Γ and Γ-X paths are
not gapped under SOC, whereas that in the the X-L path is
gapped with the gap size of 14 meV. (c) Schematic illustra-
tion of a single nodal loop under SOC in the kz = 0 plane
under the [001] magnetization.
nodal loop under SOC, as displayed in Fig. 6(c).
VII. CONCLUSION
In conclusion, we have demonstrated the presence of
fully spin-polarized nodal chain in an existing material
LiV2O4. The material shows a ferromagnetic ground
state with the spin ordering in the [001] direction. It
manifests a half metal band structure with a metallic
character in the spin-up channel but an insulating one
in the spin-down channel. The band crossings near the
Fermi level form two types of Weyl loops, which con-
junct with each other at a specific point. This gives rise
to the formation of nodal chain. The nodal chain ex-
ists only in the spin-up channel; hence, it is fully spin-
polarized. We find the nodal chain show ω-shaped sur-
face states, which are also fully spin-polarized. We fur-
ther find the nodal chain is very robust against the elec-
tron correlation effects and the lattice strain. This work
provides an excellent platform to investigate fully spin-
polarized nodal-chain fermions in realistic materials, as
well as bring promising applications in spintronics.
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